All the NHANES data are publically available on the NCHS website <http://www.cdc.gov/nchs/nhanes.htm>.

Introduction {#sec005}
============

Lung cancer is the leading cause of cancer-mortality in the U.S. and represents an important health disparity.\[[@pone.0143789.ref001]\] Blacks have higher age-adjusted incidence of lung cancer and lower survival than non-Hispanic Whites.\[[@pone.0143789.ref001],[@pone.0143789.ref002]\] Following a systematic review, including review of findings from the National Lung Screening Trial (NLST), \[[@pone.0143789.ref003]\] the United States Preventive Services Task Force (USPSTF) gave a grade B recommendation to annual lung cancer screening for smokers with low-dose computed tomography.\[[@pone.0143789.ref004]\]

This USPSTF recommendation has far-reaching implications for insurance coverage for lung cancer screening, medical liability related to failure to recommend screening for eligible patients, potential for overdiagnosis, harms and health care equity.\[[@pone.0143789.ref005]--[@pone.0143789.ref009]\] Under provisions of the Affordable Care Act (ACA), private insurers are required to cover the cost of preventive services that receive USPSTF grade B or higher recommendation.\[[@pone.0143789.ref010]\] In February 2015, the Center for Medicare & Medicaid services determined that Medicare would begin covering lung cancer screening with some stipulations.\[[@pone.0143789.ref011]\]

The USPSTF recommended eligibility for annual lung cancer screening according to criteria similar to enrollment criteria from the NLST.\[[@pone.0143789.ref003]\] Specifically, the USPSTF recommended use of a minimum of 30 pack-year smoking history among persons who have smoked within 15 years, including former smokers who have quit within this timeframe. Although the NLST used an age criteria of 55 to 74, the USPSTF extended the upper age limit to 80 years based on modeling of the risks and benefits.\[[@pone.0143789.ref009]\] Medicare adopted the same smoking criteria, but changed the age criteria to 55 to 77 years.

Age and pack-years of smoking criteria alone does not account for the higher lung cancer risk observed among Blacks compared with non-Hispanic Whites.\[[@pone.0143789.ref012]\] Use of these criteria alone may exclude some Blacks who may benefit from screening. The converse holds for Hispanics who have lower incidence of lung cancer than Whites.\[[@pone.0143789.ref002]\] These criteria may over-estimate risk for Hispanics.

Using nationally representative population data from the United States, we assessed the lung cancer risk among Whites, Blacks and Hispanics qualifying for lung cancer screening under Medicare eligibility criteria. We also compared numbers and percentage of ever smokers eligible under Medicare criteria with those based on a cut-point using a validated lung cancer risk prediction model.

Materials and Methods {#sec006}
=====================

We assessed eligibility for lung cancer screening among participants in the 2007--2012 National Health and Nutrition Examination Survey (NHANES). We then assessed risk for lung cancer among these participants using the validated lung cancer risk prediction model, from the Prostate, Lung, Colorectal and Ovarian Cancer Screening trial, modified in 2012 (PLCO~m2012~).\[[@pone.0143789.ref013]\] Compared with NLST enrollment criteria, the PLCO~M2012~ criteria showed improved sensitivity and positive predictive value with no loss of specificity.\[[@pone.0143789.ref013]\] In a prospective evaluation, it out performs others risk prediction models.\[[@pone.0143789.ref014]\]

Medicare eligibility criteria {#sec007}
-----------------------------

We used Medicare eligibility criteria for lung cancer screening: 1) age (55--77 years); 2) smoking within 15 years; and 3) ≥30 pack-year smoking history. Exclusions included a history of lung cancer. In secondary analysis, we also excluded persons reporting poor health in response to a self-rated health question. This single item measure predicts both morbidity and mortality.\[[@pone.0143789.ref015],[@pone.0143789.ref016]\]

Assessment of lung cancer risk {#sec008}
------------------------------

We assessed risk for lung cancer among participants, ages 55--77 years, who had ever smoked regardless of pack years or duration of quitting. Screening never smokers has low yield.\[[@pone.0143789.ref017]\] We entered the following data regarding each participant into the risk scoring model: age (years); race/ethnicity (White, Black, Hispanic); educational attainment (\< high school, high school \[including post high school training\], some college/associate degree, college graduate or greater); body mass index (kg/m^2^); prior history of cancer (yes/no); history of chronic obstructive pulmonary disease (yes/no); current smoking status (current/former); duration of smoking (years); smoking intensity (cigarettes/day); and smoking quit time (years quit). Family history of lung cancer was not collected in NHANES and was the only variable omitted from the risk factor model. We applied the PLCO~m2012~ lung cancer risk model based on the equations provided by the authors.\[[@pone.0143789.ref013]\]

Comparison of eligibility based on Medicare and risk cut-point criteria {#sec009}
-----------------------------------------------------------------------

We compared eligibility based on Medicare criteria with that based on a cut-point for lung cancer risk that yielded the same total number of eligible persons. In sensitivity analyses, we examined the impact of alterative cut-offs and repeated the analyses after excluding persons who self-reported poor health.

Weighting to generate national estimates {#sec010}
----------------------------------------

We used NHANES examination weights to account for oversampling and survey non-response and to derive national estimates for non-Hispanic Whites, non-Hispanic Blacks, and Hispanics. The weights were adjusted, according to analytic guidelines, for combining three cycle years.\[[@pone.0143789.ref018],[@pone.0143789.ref019]\]

Statistical Comparisons {#sec011}
-----------------------

We used the VARGEN procedure^15^ to estimate differences between weighted proportions.^16^ for participants eligible for screening under Medicare criteria and with PLCOm2012. We used SAS v 9.4 (Cary, NC) and SAS callable SUDAAN v 11.0.1 (Research Triangle Park, NC) statistical software.

Results {#sec012}
=======

Our derived estimated show that roughly half of the 60.7 million persons ages 55--77 (29.7 million) reported ever smoking. Among these ever smokers, half (15.1 million) reported smoking within the past 15 years. Among this group, 7.3 million (one in four of all ever smokers) were eligible for lung cancer screening based on Medicare ≥30 pack year eligibility criteria. Among the population of ever smokers, Blacks and Hispanics are more likely to currently smoke than Whites, but have lower pack-years of smoking. Among ever smokers ages 55--77 years, Whites have statistically significant (p \<0.05) greater pack-years of smoking (29.5) than Blacks (21.4) or Hispanics (16.9). Blacks and Hispanics also have fewer years of education than Whites ([Table 1](#pone.0143789.t001){ref-type="table"}).

10.1371/journal.pone.0143789.t001

###### Risk Factors for Lung Cancer among Ever Smokers ages 55--77 years by Race and Ethnicity.

![](pone.0143789.t001){#pone.0143789.t001g}

                                      Whites               Blacks                                     Hispanics                                  
  ----------------------------------- -------------------- ------------------------------------------ ------------------------------------------ ------------------------------------------
  **Number of NHANES Participants**   1,304                676                                        582                                        
  **Population Estimate**             23,200,000           3,000,000                                  2,150,000                                  
  **Lung Cancer Risk Factor**         Category             \%                                         \%                                         \%
  **Age (years)**                     55--59               33                                         30                                         38
                                      60--65               25                                         23                                         38
                                      66--69               26                                         28                                         23
                                      71--77               16                                         19                                         1
  **Sex**                             Male                 57                                         53                                         65
                                      Female               43                                         47                                         35
  **Education attainment**            \< High School       31[^†^](#t001fn001){ref-type="table-fn"}   49[^†^](#t001fn001){ref-type="table-fn"}   62[^†^](#t001fn001){ref-type="table-fn"}
                                      High School          30[^†^](#t001fn001){ref-type="table-fn"}   22[^†^](#t001fn001){ref-type="table-fn"}   23[^†^](#t001fn001){ref-type="table-fn"}
                                      Some College         27[^†^](#t001fn001){ref-type="table-fn"}   22[^†^](#t001fn001){ref-type="table-fn"}   15[^†^](#t001fn001){ref-type="table-fn"}
                                      ≥College Graduate    12[^†^](#t001fn001){ref-type="table-fn"}   7[^†^](#t001fn001){ref-type="table-fn"}    0[^†^](#t001fn001){ref-type="table-fn"}
  **BMI (kg/m** ^**2**^ **)**         \<18.5               2                                          6                                          0
                                      18.5--24.99          33                                         24                                         38
                                      25--29.99            33                                         31                                         31
                                      \>30                 32                                         39                                         31
  **COPD**                            Yes                  10                                         3                                          0
                                      No                   88                                         96                                         100
  Missing                             2                    1                                          0                                          
  **Smoking Status**                  Current              54                                         62                                         69
                                      Former               46                                         38                                         31
  **Duration of Smoking (yrs.)**      \<20                 1                                          0                                          0
                                      20--40               26                                         32                                         8
                                      41--60               70                                         66                                         92
                                      \>60                 3                                          2                                          0
  **Smoking Intensity (cig/day)**     \<10                 8[^†^](#t001fn001){ref-type="table-fn"}    24[^†^](#t001fn001){ref-type="table-fn"}   8[^†^](#t001fn001){ref-type="table-fn"}
                                      10--20               49[^†^](#t001fn001){ref-type="table-fn"}   53[^†^](#t001fn001){ref-type="table-fn"}   61[^†^](#t001fn001){ref-type="table-fn"}
                                      \>20                 43[^†^](#t001fn001){ref-type="table-fn"}   23[^†^](#t001fn001){ref-type="table-fn"}   31[^†^](#t001fn001){ref-type="table-fn"}
  **Duration of Quit Time (yrs.)**    0 (Current Smoker)   54[^†^](#t001fn001){ref-type="table-fn"}   62[^†^](#t001fn001){ref-type="table-fn"}   66[^†^](#t001fn001){ref-type="table-fn"}
                                      1--9                 20[^†^](#t001fn001){ref-type="table-fn"}   17[^†^](#t001fn001){ref-type="table-fn"}   22[^†^](#t001fn001){ref-type="table-fn"}
                                      10--15               11[^†^](#t001fn001){ref-type="table-fn"}   20[^†^](#t001fn001){ref-type="table-fn"}   7[^†^](#t001fn001){ref-type="table-fn"}
                                      \>15                 15[^†^](#t001fn001){ref-type="table-fn"}   11[^†^](#t001fn001){ref-type="table-fn"}   5[^†^](#t001fn001){ref-type="table-fn"}

^†^ The proportions are different at 95% confidence limit between whites and blacks or Hispanics.

Among persons eligible for lung cancer screening under Medicare criteria, Black men had statistically significantly higher risk for lung cancer than White men while Hispanics had statistically significantly lower lung cancer risk than non-Hispanic Whites ([Table 2](#pone.0143789.t002){ref-type="table"}). Sensitivity analyses that excluded those with poor health showed similar results.

10.1371/journal.pone.0143789.t002

###### Lung Cancer Risk by Race, Ethnicity and Sex Among Ever Smokers Eligible for Lung Cancer Screening Under Medicare.

![](pone.0143789.t002){#pone.0143789.t002g}

  Sociodemographic characteristic                   Estimated Number of Ever Smokers   Estimated Number of Eligible for screening[\*\*](#t002fn003){ref-type="table-fn"}   Percent eligible for screening[\*\*](#t002fn003){ref-type="table-fn"}   Median 6-year lung cancer risk[\*\*\*](#t002fn004){ref-type="table-fn"} (95% Confidence Interval)
  ------------------------------------------------- ---------------------------------- ----------------------------------------------------------------------------------- ----------------------------------------------------------------------- ---------------------------------------------------------------------------------------------------
  **Total** [\*](#t002fn002){ref-type="table-fn"}   29,740,000                         7,250,000                                                                           24.4                                                                    3.20% (2.74, 3.65)
   Men                                              17,100,000                         4,530,000                                                                           26.5                                                                    3.06% (2.69, 3.72)
   Women                                            12,640,000                         2,720,000                                                                           21.5                                                                    3.26% (2.75, 3.86)
  **Whites**                                        23,200,000                         6,050,000                                                                           26.1                                                                    3.22% (2.74, 3.71)
   Men                                              13,220,000                         3,740,000                                                                           28.3                                                                    3.14% (2.68, 3.80)
   Women                                            9,980,000                          2,310,000                                                                           23.1                                                                    3.32% (2.74, 3.82)
  **Blacks**                                        3,000,000                          560,000                                                                             18.7                                                                    4.37% (3.86, 5.44)
   Men                                              1,600,000                          280,000[^†^](#t002fn001){ref-type="table-fn"}                                       17.5                                                                    4.39% (3.81, 5.21)
   Women                                            1,400,000                          280,000                                                                             20.0                                                                    4.32% (2.97, 5.85)
  **Hispanics**                                     2,150,000                          350,000[^†^](#t002fn001){ref-type="table-fn"}                                       16.3                                                                    1.18% (1.02, 1.59)
   Men                                              1,390,000                          260,000                                                                             18.7                                                                    1.34% (1.04, 1.89)
   Women                                            760,000                            90,000[^†^](#t002fn001){ref-type="table-fn"}                                        11.8                                                                    0.99% (0.47, 1.40)

^†^ Significantly different compared to whites at 95% confidence level.

\*Includes persons of races other than black, white and Hispanic.

\*\*Eligibility based on age (55--77), pack-years (≤30) and any smoking within 15 years.

\*\*\*Based on PLCO~m2102~ model

We compared the proportion of ever smokers eligible for lung cancer screening by age, race, and ethnicity under Medicare criteria with lung cancer risk cut-point (2.12% 6-year risk) so that the size of the eligible population for the risk model population was comparable to the total size of the eligible population based on Medicare criteria. The risk-based eligibility criteria resulted in statistically significant changes in the percentage of minorities eligible for lung cancer screening ([Table 3](#pone.0143789.t003){ref-type="table"}). Black men showed the largest percentage increase eligibility (12.4%) while Hispanic men showed the largest decrease (10.8%). Overall, the percentage of Black ever smokers increased by nearly half, from 18.7% to 27%. Conversely, the percentage of Hispanic ever smokers decreased by more than 60%, from 16.4% to 6.1%. There was no statistically significant change in eligibility among Whites. Data limitations, including racial specification beyond "other race" resulted in exclusion of Asians, American Indians, Alaskan natives, native Hawaiians/Pacific Islanders from these analyses.

10.1371/journal.pone.0143789.t003

###### Differences by Race, Ethnicity and Sex in Percent of Ever Smokers Eligible between Medicare and Risk Criteria.

![](pone.0143789.t003){#pone.0143789.t003g}

  Sociodemographic Characteristics   Estimated number of persons eligible for screening based on risk cut-point[\*](#t003fn003){ref-type="table-fn"}   Estimated percent of ever smokers eligible   Estimated change in percent of participants eligible based on risk cut-point relative to Medicare criteria[\*\*](#t003fn004){ref-type="table-fn"}(95% CI)
  ---------------------------------- ----------------------------------------------------------------------------------------------------------------- -------------------------------------------- -----------------------------------------------------------------------------------------------------------------------------------------------------------
  **Whites**                         6,050,000                                                                                                         26.1                                         0 (-2.9, 2.9)
   Men                               3,650,000                                                                                                         27.6                                         -0.7 (-4.7, 3.2)
   Women                             2,400,000                                                                                                         24.1                                         0.9 (-2.7, 4.5)
  **Blacks**                         830,000                                                                                                           27.7                                         8.8 (6.3, 11.3)[†](#t003fn002){ref-type="table-fn"}
   Men                               480,000                                                                                                           30.0                                         12.4 (9.2,15.7)[†](#t003fn002){ref-type="table-fn"}
   Women                             350,000                                                                                                           25.0                                         4.7 (0.3, 9.0)[†](#t003fn002){ref-type="table-fn"}
  **Hispanics**                      130,000                                                                                                           6.1                                          -10.1 (-13.4, -6.9)[†](#t003fn002){ref-type="table-fn"}
   Men                               110,000                                                                                                           7.9                                          -10.8 (-15.1, -6.5)[†](#t003fn002){ref-type="table-fn"}
   Women                             20,000                                                                                                            2.6                                          -8.9 (-13.2, -4.6)[†](#t003fn002){ref-type="table-fn"}

Numbers are in units of 10,000 persons. 95% CI = 95% Confidence Interval.

^†^ Significant at 95% confidence limit.

\*cut-point = 2.12% six year risk

\*\*Eligibility based on age (55--77), pack-years (30) and ever smokers. Eligibility is calculated on 2.12% six-year risk for lung cancer. This cut-point was derived by increasing the risk until the total number of persons eligible was comparable to eligible population based on age and pack years.

We examined the effect of different cut points for the PLCO~m2012~. We varied cut-points from the 1.3455% used by Tammemagi *et al* \[[@pone.0143789.ref013]\] to twice this rate. The results are shown in the [Fig 1](#pone.0143789.g001){ref-type="fig"}. The horizontal lines show proportions of the population eligible by race and ethnicity using Medicare criteria. The sloping lines show these proportions based on changes in cut points. It is notable that the lines for non-Hispanic Whites happen to cross at the cut-point we used, 2.12%. In contrast, neither the lines for Blacks or for Hispanics cross. Use of a lower cut-point recently shown to optimize screening efficiency, i.e. 1.51%, \[[@pone.0143789.ref017]\] yielded similar findings though absolute numbers of Blacks, Whites, and Hispanics who are eligible for screening is higher when this lower threshold for eligibility is applied.

![Comparison of Medicare lung cancer screening eligibility\* with varying cut-points for PLCOm2012 by race/ethnicity.\
\*Eligibility based on age (55--77), pack---year (30) and any smoking within 15 years.](pone.0143789.g001){#pone.0143789.g001}

Discussion {#sec013}
==========

Current Medicare eligibility criteria for lung cancer screening do not align with lung cancer risk among Blacks and Hispanics. These criteria may exclude a substantial proportion of Blacks at higher lung cancer risk while including a high proportion of Hispanics at lower risk. Our findings show that use of risk model criteria based on the PLCO~m2102~ yield better alignment between eligibility for screening and known lung incidence for Blacks and Hispanics.\[[@pone.0143789.ref020],[@pone.0143789.ref021]\] If lung cancer screening is shown to be effective when broadly adopted nationally, then improved alignment between screening eligibility and lung cancer risk could reduce disparities in lung cancer mortality. Conversely, current Medicare eligibility for screening could paradoxically increase racial disparities in lung cancer. Ma *et al* estimate that lung cancer screening could prevent more than 12,000 deaths annually based on an idealized scenario in which all eligible persons were screened and treated similarly as those enrolled in NSL.\[[@pone.0143789.ref022]\] If this estimate is correct, our findings suggest that these benefits would disproportionately accrue to non-Hispanic Whites due to better alignment of screening eligibility with predicted lung cancer risk. Based on disparities in screening and follow-up from existing cancer screening programs, \[[@pone.0143789.ref023]\] implementation of lung cancer screening based only on pack years could further accentuate these disparities resulting from misalignment between risk and screening eligibility.

Blacks, particularly males, have higher lung cancer incidence despite lower pack years.\[[@pone.0143789.ref012]\] The reasons for this paradox are not certain, but may reflect higher exposure to carcinogens, possibly related to inhalation, environments, and/or genetic metabolism.\[[@pone.0143789.ref024]--[@pone.0143789.ref026]\] These racial differences in pack-year risk have prompted the development of risk models such as the PLCO~m2012~ that explicitly capture these differences in lung cancer risk by race.\[[@pone.0143789.ref013]\] When the risk model is applied to the population of ever smokers, the proportion of Blacks eligible slightly exceeds that of Whites.

The PLCO~m2012~ also captures the lower lung cancer incidence of Hispanics. When this model is applied to Hispanics, relative eligibility drops further, particularly for women, reflecting in part the relatively younger age of Hispanic smokers Use of such risk models by clinicians could potentially yield better alignment of risk for lung cancer and screening eligibility for Blacks and Hispanics.

Findings from the NSLT show mortality benefit from lung cancer screening in the context of a large randomized trial that included academic medical centers and community-based radiology facilities.\[[@pone.0143789.ref003]\] Whether these findings will generalize more broadly is not certain.\[[@pone.0143789.ref027]\] Moreover, our findings do not address the question as to whether adoption of lung cancer risk models will translate into reductions in racial disparity in lung cancer mortality and/or potentially lower exposure to harms among those no longer eligible, particularly Hispanics. It is possible that the trade-offs in risks and harms for lung cancer screening might differ by race and/or ethnicity. Potential differences tumor biology, \[[@pone.0143789.ref028]\] morbidity, \[[@pone.0143789.ref029]\] affordability of diagnostic follow-up on screening, \[[@pone.0143789.ref030]\] and/or quality of care \[[@pone.0143789.ref031]\] could affect this trade-offs based on race/ethnicity.

Data are urgently needed to resolve the question of which eligibility criteria for lung cancer screening are most appropriate for minority patients. Medicare requires radiology imaging facilities to collect and submit data to a national registry for each LDCT lung cancer screening that is completed.\[[@pone.0143789.ref011]\] However, beyond a patient identifier and smoking history, there is no requirement for race and ethnicity data to be submitted for entry into the registry. The lung cancer screening registry, operated by the American College of Radiology, lists race and ethnicity as optional fields.\[[@pone.0143789.ref032]\] Although Medicare could conceivably match patient identifiers to their files to obtain race and ethnicity data, the reliability of these race/ethnicity data is lower for Hispanics than for Whites or Blacks.\[[@pone.0143789.ref033]\] Furthermore, there is no data field for patient educational level which is used by the PLCO~m2012~ to calculate risk. Absence of these data will hinder assessment of both predicted risk and outcomes among these groups, particularly Hispanics who have lower predicted lung cancer risk. Moreover, because data are only collected on those being screened, it will be difficult to determine based on registry data alone whether Medicare criteria are appropriate for racial or ethnic minority groups or not. Specifically, registry data by themselves will not directly inform benefits among those not satisfying the Medicare criteria. This will require analysis of a large prospective cohort among screened and unscreened persons using risk models applied to a sufficiently large number of Blacks and Hispanics. Last, development of alternative screening modalities for lung cancer, e.g. blood, might offer those who do not satisfy Medicare criteria for annual LDCT screening another screening option.\[[@pone.0143789.ref034]\]

Our findings are limited by absence of data regarding lung cancer family history among participants. Given higher incidence of lung cancer among Blacks and higher relative risk for family history among Blacks, \[[@pone.0143789.ref035]\] this limitation likely underestimates our estimate of lung cancer risk for African Americans. Our sample size limited the precision of estimates for subgroups, particularly Hispanic women where the number of ever smokers is smallest. Another limitation of our findings is our inability to generate risk estimates for minority groups such Asians, American Indians, and Pacific Islanders due to data limitations including small numbers. Previous studies have estimated that 8.6 million persons are eligible for lung cancer screening.\[[@pone.0143789.ref022]\] Our estimate of 7.3 million eligible for lung cancer screening is lower than previous estimates from the National Health Interview Survey because we accounted for smoking pack-years among eligible *former* smokers.

A potential obstacle to the use of risk models is low use by clinicians of computer or online risk calculators. A national survey showed few physicians reported using coronary artery risk tools.\[[@pone.0143789.ref036]\] The primary obstacle cited by these physicians was time.\[[@pone.0143789.ref036]\] A retrospective study that used electronic health record (EHR) lung cancer screening alerts based on age and pack years yielded high rates of lung cancer screening.\[[@pone.0143789.ref037]\] Conceivably, use of EHR alerts based on automated calculation of lung cancer risk could improve clinician use. Automated risk models for other conditions (e.g. coronary artery disease and heart failure re-admission) show promise.\[[@pone.0143789.ref038],[@pone.0143789.ref039]\] However, limitations in EHR functionality and lack of relevant structured data within EHRs hinder widespread use of these automated risk calculators.

In conclusion, our findings suggest that Medicare eligibility criteria for LDCT lung cancer screening may not align with lung cancer risks for Blacks and Hispanics. They may exclude Blacks at higher lung cancer risk while including Hispanics at lower risk. This potential misalignment of risk could result in less benefit and/or greater harm to minorities than Whites from widespread implementation of lung cancer screening. Data are urgently needed regarding appropriate risk modeling for these minority groups to minimize unintended consequences of lung cancer screening on these groups.

[^1]: **Competing Interests:**The authors have declared that no competing interests exist.

[^2]: Conceived and designed the experiments: KF PW MS SM. Performed the experiments: PW. Analyzed the data: KF PW SF MS SM. Contributed reagents/materials/analysis tools: KF. Wrote the paper: KF PW SF MS SM.
